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Abstract In the framework of effective mass envelope
function theory, the electronic structures of GaAs/Al,.
Ga,_,As quantum double rings (QDRs) are studied. Our
model can be used to calculate the electronic structures
of quantum wells, wires, dots, and the single ring. In
calculations, the effects due to the different effective
masses of electrons and holes in GaAs and Al,Ga;_,As
and the valence band mixing are considered. The energy
levels of electrons and holes are calculated for different
shapes of QDRs. The calculated results are useful in
designing and fabricating the interrelated photoelectric
devices. The single electron states presented here are
useful for the study of the electron correlations and the
effects of magnetic fields in QDRs.
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Introduction

Growth of semiconductor nanostructures has attracted
much attention due to their unique electronic and
optical properties as well as potential applications in
making electronic and optoelectronic devices.
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Recently, T. Mano et al. fabricated the self-assem-
bled formation of concentric quantum double rings
(QDRs) with high uniformity and excellent rotational
symmetry using the dropletepitaxy technique [1]. They
calculated the electronic energy levels using the
effective mass approximation. For computational pur-
poses, they assumed that the quantum rings have a
rotational symmetry relative to the growth axis. Aside
from this assumption, no adjustable parameters were
used in the model. However, the valence band mixing
was not considered in their calculations.

We have studied the electronic states and valence
band structures of the InAs/GaAs quantum single ring
[2]. In this letter, using the effective-mass envelope-
function theory, we will study the electron and hole
states of QDRs. In our calculations, the effects due to
the different effective masses of electrons and holes in
GaAs and Al,Ga;_,As and the valence band mixing are
included. Our model can be used to calculate the
electronic structures of quantum wells, wires, dots and
the single ring. The single electron states are useful for
the study of the electron correlations and the effects of
magnetic fields on QDRs.

Theoretical model

Figure 1shows the schematic plot of the GaAs/Al,Ga_,
As QDRs. In the following, we choose z-direction of our
coordinate system to be perpendicular to the plane of
quantum rings. The QDRs are concentric. We suppose
the inner radius and outer radius are R, R, for the small
ring and Ri, R4 for the large ring, respectively. The
height of QDRs is [. If Ry = R;, or R; = Ry, the QDRs
become quantum single ring.
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Fig. 1 Schematic plot of the
GaAs/Al,Ga;_As quantum
double rings

Al,Ga, As

According to Burt and Foreman’s effective-mass the-
ory and taking into account the difference of the effec-
tive-masses between GaAs and Al,Ga; ,As [3, 4], the
electron Hamiltonian can be written as (neglecting the
second- and higher-order terms in the approximation)

1
H. =P

O 2mi(x,y,2) M

P + Ve(x7y71)~

In the above equation,

mi(ry.z)={ ™ R <p? <RjorR;<p?><Rj,and|z| </,
e m; others,

@)

| 0 R3<p*<R50rR5<p*<Rj and|z| </,
Ve(x.y,2) = {EC others,

3)

where p> = x> +?, and m] and m; are the effective
electron masses in GaAs and Al,Ga;_,As, respectively.
E. is the conduction band offset between GaAs and
Al,Gay_,As. The electron Schrodinger equation is

HelPe(re) = EelPe(re)- (4)

Using the periodic boundary condition, we assume that
the electron wave functions have the following forms

1

‘I”C(l‘) - m
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nenyn;

()
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with k,;, = k; + K, n;=0,£1,4£2,..., and i = x,y,z;
K =2n/L, r = (x, y, z). L denotes the periods of the
large units. The matrix elements of Hamiltonian (1) for
Eq. 5 can be written as

" n?
(2]’}’1; 5 + %SZS]> (knxk;x + knyk:ly + knzk:tz)

+ (6 — 8iS)) Ec, (6)
where k,; = k; + n;K, and
|1 forn,=n), n,= n’y7 and n; = n’,
0= { 0 otherwise, ()
S S
- (5)
2mi,  2m;  2m;
l/La n; = n;
Si = infx n,—n’)l 9
i s1n[n((nfn§)) /L], n, #n, )
o [l(R R+ (Ri~ R))/L, me=ri, and ny=n,
7 (Fa=F1+Fy—F3)/(AL), ny#n, or ny#n.
(10)

In the above equation, F; = RJ1 (AKR;) withi = 1,2,3,4;
Jy is the first-order Bessel function Ji(x) = 5= fon cos

2
(xcosf)sin’0df; and A= \/(nx - n;)z—i—(ny - n’y) .

Therefore, we can calculate the electronic states from
Eq. 6.
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For the hole states, the hole effective mass Hamil-
tonian can be written as [4]

Py R -0 OT
1 Rt P Ct -0l
Hi=ge| ‘ot ¢ p g |*Ve (D
where
Vary={ 0 Ri<p?<RiorR3<p’ <R} and|z|<l,
Vo otherwise,

(12)

Py =pi(y1 £92)px +0y(1 £92)Py + 02001 F292)P2s
Q.= Zﬁ[(px + ipy)gpz +Pz7f(px + ipy)}a

R=3[(px +ip,)u(ps +ipy) — (px — ipy)7(px — i),
C =2p.(c —n)(px —ipy) — 2(px — ipy) (0 — 7).,
(13)
and
o= (=1—7y + 2y, +673)/6,
= (1+y, —2y,)/6, (14)

= (12 +73)/2,
= —(n—=73)/2.

Here y4, y,, and y3 are functions of x, y, and z,
forR2 < p?> <R3

0rR§ <p*< R%, and |z| <1,
otherwise.

Y115 V125 V13

Y15 V25 V3 =
Y215 V225 V23
(15)

The notations 711, 712, y13 and )21, 722, 723 are the
Luttinger effective mass parameters of GaAs, Al,Ga;.
+As materials, respectively; and my is the free electron
mass.

The hole envelope function equation is
Hy¥) = EyPh. (16)
Using the normalized plane-wave expansion method

[5], we assume that the hole-wave functions have the
following form:

anxnynz
bnxn n, i( knex+knyy+kn:z
/1 l-h y o' fnx nyYTKnz . (17)
L3/2 Cnxnynz
nenyn;
nynyn;

The matrix elements of Hamiltonian (11) for Eq. 17
can be written as

(P ny s, =70 + 72 5i85) (ke + henyk )
+ (710 +7LSiS)) (kK ),

(Qi)nxnynz,n;n;.n’z :2\/3{[(0'2 —02)0
—(01 =81 — 02+ 82)S:S)] }
(k. + ik;y)k'nz.—i— (120 — (11 — m2)8:S;] }
(kn % ikny )iy}

Runyn, nnin, :\/3{ (120 — (11 — 112) SiSj] (e +- Ky )

(Kpy +iky,) = [26 = (01 = 97) 838
(knx — ikny) (Kyyy — 1Ky, )},

Connemyn. =2(01 — 61 — M1 — 02+ 62 + 1) S;S;

(K — ikiny ), — (KL — ik;ly)k,,z} ,
(Vh)n,xnynz,n,’cn’yn’Z :(5 - SiSj) Vo,

with 74 =7y £, 73 = £12) =75 72 =1 F
29, 72 = F2m2) =73 00— 0= (=1 =5 + 27
+673)/6, mi=(1+y -2 )6, V= 2+ i)
2, 4= = O2-3)2,  oi—di—m=(-1-91+2,
+37;3)/3,andi = 1 or2. Thus, the hole energy levels can
be worked out from Eq. 18.

Results and discussion

We take the material parameters from Ref. 6. The
aluminum proportion in Al,Ga;_,As is taken to be
x = 0.3, which equals the value for the experimental
samples in Ref. 1. The effective masses and band gaps
Eg(eV) are listed in Table 1. The conduction-band
offset is assumed to be 65% of the band gap difference.
We have calculated the electron and hole energy
levels as functions of the radius of QDRs. In calcula-
tions, we assume the height of QDRs to be /=3 nm.
Figure 2a, b shows the electron and hole energy
levels as a function of R;, respectively, for fixed

Table 1 The effective masses

: * A " " r
and band gaps Eg (eV) of Material e (mo) 7 /2 /3 Eg(eV)
bulk GaAs and Alg3Gag7As  Gaaq 0.067 6.98 2.06 2.93 1.519

AlAs 0.15 3.76 0.82 142 3.099
AlysGag,As 0.0919 6.014 1.688 2.477 1.993
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Fig. 2 The electron (a) and hole (b) energy levels as a function
of Ry for R,=6 nm, R3=8 nm, and R4,=10 nm

R, = 6 nm, R3;=8 nm, and R4=10 nm. From Fig. 2a,
one may find that there is only one deep confined
electronic energy level for the above structure param-
eters. The anti-crossing is found near R;=4.5 nm for
the second and the third electron energy levels.
Figure 2b shows there are two confined hole energy
levels for the above structure parameters.

Figure 3a, b shows the electron and hole energy
levels as a function of R, respectively, for Ry=4 nm,
R5;=8 nm, and R;=10 nm. The one and two confined
electron energy levels is found for R, < and > 5.9 nm,
respectively. The anti-crossing is found near the same
R»=5.9 nm for the second and the third electron energy
levels. The hole confined energy levels decrease
monotonical as R, increases.

Figure 4a, b shows the electron and hole energy
levels as a function of R;, respectively, for Ry=4 nm,
R,=6 nm, and R;=10 nm. The one and two confined
electron energy levels is found for R; < and > 8.1 nm,

@ Springer
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Fig. 3 The electron (a) and hole (b) energy levels as a function
of R, for R{=4 nm, R3=8 nm, and R4,=10 nm

respectively. The anti-crossing is found near the same
R,=8.1 nm for the second and the third electron energy
levels. The only two confined hole energy levels is
found for Rz > 9.5 nm.

Figure S5a, b shows the electron and hole energy
levels as a function of Ry, respectively, for Ry=4 nm,
R,=6 nm, and R3;=8 nm. The one and two confined
electron energy levels is found for R4 < and > 10 nm,
respectively. The anti-crossing is found near the same
R4=10 nm for the second and the third electron energy
levels. The only two confined hole energy levels is
found for R4 < 8.8 nm,

Taking the structure parameters of the QDRs to be
[=35nm, R;=10 nm, R,=35nm, R;=40 nm, and
R4=60 nm, the transition energies for the ground
electron energy level transiting to the ground heavy-
and light-hole energy levels were calculated to be
1.694, and 1.696 eV, respectively. These calculated
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Fig. 4 The electron (a) and hole (b) energy levels as a function
of R; for Ry=4 nm, R,=6 nm, and R4=10 nm

results are somewhat higher than the available exper-
imental data in Ref. 1 for we have not included the
binding energy of exciton. The exciton binding energy
is estimated to be 15 meV from the difference between
the theoretical values and experimental data.

Summary

In this paper, we have calculated the electronic states
of GaAs/Al,Ga; ,As QDRs. The model we proposed
can be used to calculate the electronic states of
quantum wells, wires, dots, and the single ring. The
single electron states are useful for the study of the
electron correlations and the effects of magnetic fields
on QDRs. Our calculated results are useful in
designing and fabricating the interrelated photoelec-
tric devices.

(@) 310

300

E.(meV)

290

280
8

(b)

165

160

140 " 1 " 1 " 1 "
8 9 10 11 12

R4(nm)

Fig. 5 The electron (a) and hole (b) energy levels as a function
of R, for Ri=4 nm, R,=6 nm, and R3=8 nm
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